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Reactive oxygen species are well-known mediators of various biological responses. Recently, new homologues of the catalytic subunit of
NADPH oxidase have been discovered in non-phagocytic cells. These new homologues (Nox1–Nox5) produce low levels of superoxides compared
to the phagocytic homologue Nox2/gp91phox. Using Nox1 siRNA, we show that Nox1-dependent superoxide production affects the migration of
HT29-D4 colonic adenocarcinoma cells on collagen-I. Nox1 inhibition or down-regulation led to a decrease of superoxide production and α2β1
integrin membrane availability. An addition of arachidonic acid stimulated Nox1-dependent superoxide production and HT29-D4 cell migration.
Pharmacological evidences using phospholipase A2, lipoxygenases and protein kinase C inhibitors show that upstream regulation of Nox1 relies on
arachidonic acid metabolism. Inhibition of 12-lipoxygenase decreased basal and arachidonic acid induced Nox1-dependent superoxide production
and cell migration. Migration and ROS production inhibited by a 12-lipoxygenase inhibitor were restored by the addition of 12(S)-HETE, a
downstream product of 12-lipoxygenase. Protein kinase C δ inhibition by rottlerin (and also GO6983) prevented Nox1-dependent superoxide
production and inhibited cell migration, while other protein kinase C inhibitors were ineffective. We conclude that Nox1 activation by arachidonic
acid metabolism occurs through 12-lipoxygenase and protein kinase C δ, and controls cell migration by affecting integrin α2 subunit turn-over.
© 2007 Elsevier B.V. All rights reserved.Keywords: Nox1; Migration; Arachidonic acid; ROS; Colon; NADPH oxidase1. Introduction
Reactive oxygen species (ROS) are considered intracellular
second messengers in a variety of cell receptor signal
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doi:10.1016/j.bbamcr.2007.10.010and hydrogen peroxide, have been shown to play a role in
proliferation, apoptosis, differentiation [2] and migration [3].
Several intracellular sources contribute to the production of
ROS, including cyclooxygenases, cytochrome P450, lipoxy-
genases, mitochondrial respiration, xanthine oxidase [4], and
NADPH oxidase [5]. New homologues of the NADPH oxidase
catalytic subunit, gp91phox, or Nox2, have been recently iden-
tified, and the Nox family now consists of 7 members: Nox1,
Nox2, Nox3, Nox4, Nox5, DUOX1 and DUOX2 [6]. Nox1 is
expressed predominantly in large intestinal epithelial cells and
at lower levels in the uterus, prostate, and vascular smooth
muscle cells.
Although the mechanism of regulation is well investigated,
the function of Nox1 remains a subject of hypothesis. Likely,
the function of the oxidase depends on the cell type in which it
is expressed. In cultured smooth muscle cells, several groups
have shown that Nox1-dependent ROS have potential roles in
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proliferation [7,8]. In colon epithelial cells, different observa-
tions suggest that Nox1 serves as a host defense oxidase [9]; this
idea is supported by the observations that Nox1 mRNA levels
are induced by IFN-γ, and that the oxidase is activated by
lipopolysaccharide [10]. Furthermore, a role for Nox1 as a mi-
togenic oxidase was suggested by experiments showing stim-
ulation of mitogenesis in fibroblasts overexpressing Nox1.
However, in a large panel of tumor samples, including colon
carcinomas, no correlation was established between Nox1
expression levels and the stage of cancer progression [11].
Nevertheless, over-expression of Nox1 has been reported to
enhance growth and tumorigenicity of prostate epithelial cells
[12], and Ras-induced transformation of fibroblasts was sup-
pressed when Nox1 was silenced [13].
Nox1 contains a conserved structural domain common to the
catalytic core of phagocyte NADPH oxidase (Nox2), which
includes the binding sites for heme, flavin, and NADPH. It
has been well established that phorbol 12-myristate 13-acetate,
as well as lipopolysaccharide, granulocyte-macrophage colony
stimulating factor, and arachidonic acid (AA) all modulate
NADPH oxidase activity [14,15]. Moreover, knock-down of the
cytosolic-phospholipase A2 (PLA2), the major AA source inFig. 1. Nox1 inhibition blocks HT29-D4 migration on collagen-I. (A) HT29-D4 cel
quantitative real timePCRusing specific primers for Nox(s) homologs. The expression le
to β2-microglobulin mRNA level. In addition, lysates were prepared from transfected
passage, cells (transfected with control or Nox1 siRNA) were serum-depleted for 48 h,
adhesion, untransfected cells were incubated 30minwith DPI (10 μM). Superoxide (B) a
fluorescence, respectively. Data are presented as means±SE from three independent ex
transfected HT29-D4 cells were trypsinized and seeded at 5×104 cells/well on Col-I pre
every tested condition, we determined the mean distance to origin migration (μm) perfor
the mean distance to origin of the three view fields. ⁎Pb0.05 compared with control.neutrophils, impaired NADPH oxidase activation [15]. In a
previous work, we showed that endogenous AA metabolism,
through 12-lipoxygenase (12-Lox) activation, regulated Nox1-
dependent ROS production during colon epithelial cells
spreading on collagen-I (Col-I). However, the activation of
Nox1 by 12-lipoxygenase downstream products only margin-
ally affected cell spreading during ROS production [16]. As
AA is a well-known activator of epithelial cell migration [17],
we investigate here the involvement of Nox1-dependent ROS
production in the control of spontaneous or AA-stimulated cell
migration.
In the present study, we demonstrate that Nox1-dependent
superoxide production plays a key role in the regulation of
HT29-D4 migration over collagen-I. We show that 12-Lox,
through protein kinase C (PKC) δ stimulation, acted as an
upstream activator of Nox1 to regulate both basal and AA-
stimulated migration. Nox1 knock-down affected cell migration
by decreasing α2β1 integrin availability which results in the loss
of cell movement directionality. Protein phosphatase 2A (PP2A)
inhibition by Nox1-dependent superoxides and the subsequent
p38MAPK-mediated phosphorylation is a likely mechanism for
increased membrane α2β1 integrin availability and migration on
collagen-I.ls were transfected with Nox1 siRNA. Extracted RNA was subjected to reverse
vels ofNox(s)mRNA in siRNA transfected cells and controls are presented relative
cells and blotted with anti-Nox1 or anti-actin antibodies (Inset). (B) (C) 24 h after
trypsinized and seeded on Col-I pre-coated plates. After three and a half hours of
ndH2O2 (C) production were measured by lucigenin chemiluminescence and DCF
periments. ⁎Pb0.05 compared with control. (D) Nox1 siRNA and control siRNA
-coated 24-well plates. Untransfected cells were incubated with DPI (10 μM). For
med after 8 h at least bymore than 15 cells per view field. Results were presented as
Fig. 2. Arachidonic acid stimulates cell migration through Nox1-dependent ROS
production. (A) Nox1 siRNA and control siRNA transfected cells were plated
for three and a half hours on Col-I and incubated in the presence of arachidonic
acid (AA) (0.1 mM) and DPI (10 μM) for 30 min. Superoxide production was
determined by lucigenin luminescence. Data are presented as means± SE from
three independent experiments. (B) Nox1 siRNA transfected cells and controls
were seeded on Col-I pre-coated 24 well plates and incubated with DPI (10 μM)
and AA (0.1 mM). For each tested condition, we determined the mean distance
to origin migration (μm) performed after 8 h for at least 15 cells per view field.
Results were presented as the mean distance to origin of the three view fields.
⁎ and §, P b 0.05 compared with untreated and AA treated controls respectively.
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2.1. Materials and reagents
Unless otherwise stated, all chemicals were from BIOMOL (TEBU-BIO s.a,
France). Bisindolylmaleimide I (Bim I), Go6983, Go6976, Rottlerin, Okadaic
acid (OA), and SB203580 were from Calbiochem (VWR INTERNATIONAL
S.A.S, France). Fetal bovine serum, trypsin-EDTA, Dulbecco's modified
Eagle's medium (DMEM) and sodium pyruvate were obtained from Gibco-
BRL (Invitrogen Corporation, Scotland-UK). Lucigenin and monoclonal anti-β
actin were obtained from Sigma-Aldrich (St. Louis, MO, USA), and rabbit anti-
phosphorylated p38, rabbit anti-p38 and goat anti-Nox1 were from Santa Cruz
Biotechnology (TEBU-BIO s.a, France). DGEA was from Upstate Biotechnol-
ogy (Euromedex, France). Monoclonal anti-α2β1 integrin (Gi9) was obtained
from Chemicon (CHEMICON International, Ltd, France).
2.2. Cell culture and transfections
After testing the effectiveness of 3 different hairpin cassettes target-
ing Nox1 mRNA sequences, we incorporated the most effective in the
pRNATH1.1/Neo expression vector (Genscript Corporation, New Jersey, USA).
The corresponding Nox1 hairpin siRNA sequence used was: H1 promoter
-ATATAGGCCACCAGCTTGTTGATATCCGCAAGCTGGTGGCCTATATG-
termination signal (where the italic letters represent the antisense and sense
sequence, and the loop sequence is in bold). The empty plasmid was used as
transfection control. The HT29-D4 cells, originally derived from HT29 colon
adenocarcinoma cell line [18], were cultured in DMEM supplemented with 10%
FBS, 25mMD-Glucose, sodiumpyruvate (1%v/v) and L-Glutamine (2mM). Cells
were harvested in single cell suspension by treatment with trypsin-EDTA, and
subsequently transfected by amaxa nucleofector according to the manufacturer's
protocol. For all experiments, cells were serum-depleted for 48 h, detached with
0.25% trypsin, and seeded on Col-I pre-coated plates (10 μg/ml).
2.3. RNA isolation and RT-real time PCR
Total RNAwas purified using the high pure RNA isolation kit according to the
manufacturer's protocol (Roche Diagnostics, Mannheim, Germany). One μg of
total RNA was used for reverse transcription with random primers, and mRNA
expression level was assessed using quantitative real time PCR with the Light-
Cycler System and the QuantiTect SYBR Green PCR Kit (Qiagen, France).
References of the QuantiTect Primer Assays for each target were as follows: Nox1,
QT00025585; Nox2, QT00025533; Nox3, QT00044737; Nox4, QT00057498;
Nox5, QT00021924; Noxa1, QT00074438; Noxo1, QT00215789; p47phox,
QT01004815; p67phox, QT00089341; p22phox, QT00082481 ; Duox1,
QT00038346 ; Duox2,QT00012236 andβ2m, QT00088935. PCRwas performed
according to the manufacturer's instructions. Cycling conditions were as follows:
15 min denaturation at 94 °C, followed by 45 cycles of 15 s denaturation at 94 °C,
20 s at 55 °C and 20 s at 72 °C. Quantification and melting curves were analyzed
with the Light-Cycler software, and mRNA levels for all target were normalized to
β-2 microglobulin mRNA levels.
2.4. Measurement of ROS
ROS generation was measured by either lucigenin chemiluminescence or
H2-DCFDA fluorescence, detecting superoxide ions and H2O2, respectively
[19]. After incubation of cells on Col-I for the desired time with different
metabolites in 96 well plates (25×103 cell/well), luminescence was detected by
a Fluoroscan Ascent FL fluorimeter (Labsystems, France). The detected signal
was assessed at each minute over the course of 45 min. Results represent the
integration of the signal for 45 min and associated with the intermediate time of
measurement. For H2-DCFDA ROS measurements, regular culture medium
without FBS was replaced with measurement buffer containing 10 μM of H2-
DCFDA for 30 min. Cells were then rinsed with measurement buffer without
H2-DCFDA and fluorescence was measured at 490 nm for excitation and
538 nm for emission with the Fluoroscan Ascent FL fluorimeter (Labsystems,
France). All measurements were performed at 37 °C. Results are expressed as
total ROS measurements, or as Nox1-dependent ROS production, whichrepresents the difference of ROS production measured in control transfected
cells versus Nox1 siRNA transfected cells.
2.5. Cell treatment
24 h after passage, cells were serum-starved for 48 h, trypsinized and seeded
on Col-I pre-coated plates. After three and a half hours of adhesion, cells were
incubated 30 min with vehicle (0.1% DMSO) or the following regulators:
NADPH oxidase inhibitor diphenylene iodonium (DPI) (10 μM), cycloox-
ygenase (Cox) inhibitor indomethacin (25 μM), cytochrome p450 inhibitor
aminobenzotriazol (1 mM), 5-Lox inhibitors MK886 (10 μM) and diethylcar-
bamazine (DEC) (50 μM), 12/15-Lox inhibitor cinnamyl-3,4-dihydroxy-alpha-
cyanocinnamate (CDC) (1 μM), arachidonic acid (AA) (0.1 mM), 12-Lox
product 12(S)-HETE (0.1 μM), p38 MAPK inhibitor SB203580 (10 μM),
extracellular signal-regulated kinase (ERK1/2) MAPK inhibitor PD98059
(10 μM), Jun-N-terminal kinase (JNK) inhibitor SP600125 (10 μM), protein
phosphatase 2A (PP2A) inhibitor Okadaic acid (1 nM), PKC inhibitor Go6983
(10 μM) (inhibits PKCα, PKCβ, PKCγ, PKCδ and PKCζ but not PKCμ),
classic PKC inhibitor Bisindolylmaleimide I (1 μM), calcium-dependent PKC
inhibitor Go6976 (1 μM) (does not affect the kinase activity of the Ca2+-
independent PKC δ-, ζ-, and ɛ-isozymes even at micromolar levels), and the
specific PKCδ inhibitor rottlerin (10 μM). Dose-dependent effects of the major
inhibitors used in this study are reported in Supplementary data (s1).
2.6. Flow cytometry
Cell surface expression of α2β1 integrin in HT29-D4 cells was determined
by flow cytometry. After three and a half hours of adhesion, cells were incubated
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EDTA (0.25%/0.53 mM) and resuspended in serum-depleted medium contain-
ing 1% (w/v) BSA. Cell suspensions (2×106 cells/ml) were incubated for 1 h at
4 °C in solutions containing a saturating concentration of anti-α2β1 monoclonal
antibody (10 μg/ml). Cells were rinsed three times with ice-cold PBS containing
1% BSA, and then incubated for 45 min at 4 °C in the dark with an excess of
goat anti-mouse FITC-conjugated antibody. After washing, cells were fixed in
1% paraformaldehyde, and analyzed by injection on a FACScan flow cytometer
(Becton Dickinson, San Diego, CA).
2.7. Migration assay
24 h after passage, cells were serum-depleted for 48 h, trypsinized, and then
seeded on Col-I pre-coated 24 well plates at low confluence (25×103 cells/cm2).
Analysis of cellular migration at 37 °C was performed using an inverted Leica
DMIRBmicroscope at 10× magnification. Time-lapse recording started 2 h after
plating (end of the adhesion phase). Three fields per well were imaged and
followed at 10-min intervals over 8 h with a cooled charge-coupled device video
camera operated by Metamorph® image analysis software (Princeton Instru-
ment, Evry, France). Migration parameters calculated from each individual cell,
including total migration distance, distance to origin, rate of migration and
directional persistence of cell migration, were determined from time-lapse
movies for at least 45 independent cells. Total migration distance represents the
sum of distances between each measurement over a period of 8 h. Distance to
origin was determined as the net translocation between the initial position and
the final position observed during an 8 h period. The rate of migration was
calculated as the total migration distance divided by 8 h. Directional persistence
was calculated as a ratio of the distance to origin during an 8 h period and theFig. 3. Arachidonic acid stimulates Nox1-dependent ROS production and migration
controls were seeded on Col-I pre-coated plates. (A) After three and a half hours of ad
(25 μM), cytochrome p450 inhibitor aminobenzotriazol (1 mM), 5 lipoxygenase inh
(1 μM) and AA (0.1 mM). Superoxide production was determined by lucigenin lum
production measured in control transfected cells versus Nox1 siRNA transfected cells
and a half hours of adhesion, cells were incubated 30 min with AA (0.1 mM), 12 Li
CDC (1 μM). Superoxide production was determined by lucigenin luminescence. D
compared to CDC free control. §Pb0.05 compared with AA-treated cells. (C) No
trypsinized, seeded at 5×104 cells/well on Col-I pre-coated 24 wells plates, and incu
determined the mean distance to origin migration (μm) performed after 8 h for at leas
the three view fields. ⁎Pb0.05 compared with metabolite-free control siRNA. §Pb0total migration distance. For all conditions, three fields per well were imaged
and parameters were determined for at least 15 cells per field. Results are
expressed as the mean of each parameter calculated from the 45 individual cells.
2.8. Preparation of whole cell lysates
Cells were lysed in RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 0.1%
sodium desoxycholate, 4 mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate,
10mMsodiumpyrophosphate, 1mMPMSF, 1μg/ml leupeptin, 1μg/ml aprotinin)
and centrifuged for 10 min at 10,000× g. Supernatant protein concentration was
determined using the Bicinchoninic acid assay (BCA) (Pierce, France) following
the manufacturer's instructions.
2.9. Western blotting
Equal amounts of protein from lysates were resolved by 10% SDS-PAGE and
transferred to Hybond ECL nitrocellulose membranes (Amersham Pharmacia
Biotech, France). Membranes were blocked in low-fat milk and incubated with
primary antibodies overnight at 4 °C. Membranes were washed, and subsequently
incubated for 1 hwith an anti-mouse, anti-rabbit or anti-goat Ig-HRP. Proteinswere
visualized using an enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech, France) and densitometry quantification was performed.
2.10. Statistical analysis
Results are expressed as means±S.E. from at least three independent
experiments. Statistical analysis was performed using unpaired Student's test.
The value of Pb0.05 was considered statistically significant.through 12-Lipoxygenase activation. Nox1 siRNA transfected cells and their
hesion, cells were incubated 30 min with cyclooxygenase inhibitor indomethacin
ibitors MK886 (10 μM) and DEC (50 μM), 12/15 lipoxygenase inhibitor CDC
inescence. Nox1-dependent ROS production represents the difference of ROS
. Data are means±SE , ⁎ Pb0.05 compared with AA-free control. (B) After three
poxygenase metabolite 12(S)-HETE (0.1 μM) and both of them with or without
ata are presented as means±SE from three independent experiments. ⁎Pb0.05
x1 siRNA transfected cells and their controls were serum-depleted for 48 h,
bated with CDC (1 μM) and/or AA (0.1 mM). For each condition examined, we
t 15 cells per view field. Results were presented as the mean distance to origin of
.05 compared with control AA-treated cells.
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3.1. Nox1-dependent superoxide production controls HT29-D4
Col-I migration
We previously showed that colonic epithelial cell lines
(HT29-D4 and Caco-2) exhibit an increase in DPI-inhibitable
superoxide production during cell spreading on Col-IV [16]. In
order to characterize the role of Nox1 in this superoxide pro-
duction, we knocked down the oxidase using a siRNA approach.
The effectiveness and specificity of the Nox1 siRNA were
investigated using quantitative real time PCR and western blot.
As shown in Fig. 1A, HT29-D4 cells mainly express Nox1
mRNA,with low levels of Nox2 (0.03% relative to 100%Nox1).
Nox1 siRNA decreased both Nox1 mRNA and Nox1 protein
levels without affecting the highly structurally similar Nox2.
In order to fully characterize NADPH oxidase homologues and
regulatory components in HT29-D4 cells we performed quan-
titative RT-PCR analyses. After a control of identical primer
efficiency for all targets, results normalized to Beta2 micro-
globulin were expressed relatively to Noxo1 levels. Nox3,
Nox4, Nox5 and Duox2were not detected in HT29-D4. Relative
levels for Nox1, P22phox, Noxo1, Noxa1 Duox1, p67phox,
p47phox, Nox2 were respectively 449±23; 531±21; 100±6;
1.4±0.3; 0.6±0.1; 0.4±0.1; 0.2±0.1; 0.1±0.1.
We next characterized the ROS production occurring during
spreading by employing three different methods to measure
ROS production after 4 h of HT29-D4 adhesion on Col-I. WhileFig. 4. PKC delta controls Nox1-dependent ROS production. (A) Nox1 siRNA transfec
half hours of adhesion, cells were incubated 30 min with bisindolylmaleimide I (Bim I)
Superoxide production was measured by lucigenin luminescence. Data are presented a
AA-treated cells. (B) HT29-D4 cells were trypsinized and seeded at 5×104 cells/well on
(1 μM), Go6976 (1 μM), Go6983 (10 μM), rottlerin (10 μM) and AA (0.1 mM).We det
cells per view field. Results were presented as the mean distance to origin of the three
treated cells. (C) HT29-D4 cells were trypsinized and seeded at 5×104 cells/well on Col-
(0.1 μM) or Rottlerin (10 μM) or both. For each condition examined, we determined th
view field. Results were presented as the mean distance to origin of the three view fieNox1 siRNA and DPI inhibit almost all superoxide production
as assessed by the lucigenin assay (Fig. 1B), they only inhibit
H2O2 production by 30%, as shown by DCF measurements,
suggesting that Nox1-independent sources of H2O2 are present
in HT29-D4 cells (Fig. 1C). Identical results as the lucigenin
assay were obtained when measuring superoxide production by
Diogenes (data not shown). Although the Nox2 mRNA level
was very low compared to the Nox1 mRNA level, we discarded
a possible involvement of Nox2 in HT29-D4 ROS production
using Nox2 siRNA (Supplementary data s2). The involvement
of Nox1 on two-dimensional random migration was next eval-
uated using time-lapse video microscopy. We found out that
cells transfected with Nox1 siRNA displayed a significant
shorter mean distance to origin than control cells, 5±1 μm
versus 19±5 μm respectively (Fig. 1D). This effect on random
migration was more clearly visualized by reproducing indivi-
dual cell movements on window plots (Fig. 1D). The windows
plot shows migration path for several cells, and the origin of
each cell has been set to the coordinate (x=0, y=0). However,
siRNA-mediated silencing of Nox1 did not affect the mean rate
of migration compared to control (0.144±0.08 μm/min versus
0.133±0.07 μm/min) or the mean total migration distance (161±
39 μm versus 154±32 μm). Nox1 knock-down did decrease
the directional persistence of migration compared to control
(0.031±0.014 versus 0.123±0.058), which is calculated as the
ratio between distance to origin and total migration distance,
suggesting that Nox1 inhibition affected cell polarity and thus
only the directional migration of cells. This finding wasted cells and their controls were seeded on Col-I pre-coated plates. After three and a
(1 μM), Go6976 (1 μM), Go6983 (10 μM), rottlerin (10 μM) and AA (0.1 mM).
s means±SE, ⁎Pb0.05 compared with AA-free control. §Pb0.05 compared with
Col-I pre-coated 24 well plates and incubated with bisindolylmaleimide I (Bim I)
ermined the mean distance to origin migration (μm) covered after 8 h for at least 15
view fields. ⁎Pb0.05 compared with AA-free control. §Pb0.05 compared to AA-
I pre-coated 24 wells plates and incubatedwith the 12-Loxmetabolite 12(S)-HETE
e mean distance to origin migration (μm) covered after 8 h for at least 15 cells per
lds. ⁎Pb0.05 compared with AA-free control.
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apocynin (Supplementary data s3).
Several reports have implicated an important role of ara-
chidonic acid (AA) metabolism in NADPH oxidase activation
[20–22] and epithelial cell migration [23], and we next addressed
the impact of AA addition on Nox1-dependent superoxide
production andHT29-D4migration.After 4 h of adhesion onCol-
I, Nox1 siRNA transfected or DPI treated cells were incubated
with or without AA. Superoxide production detected after 4 h of
adhesion on Col-I was exclusively Nox1-dependent, confirmed
by complete inhibition of production by Nox1 siRNA and DPI
(Fig. 2A). Furthermore, exogenous AA-stimulated superoxide
production in a Nox1-dependent fashion, as inhibition of the
oxidase blocked the stimulatory effect of AA. Finally, in the
migration assay, exogenous AA addition (100 μM) increased the
mean distance to origin by 200% compared to control (19±5
versus 38±4) and, again, this stimulatory effect was abolished by
DPI andNox1 siRNA, implicatingNox1 in this pathway (Fig. 2B).
3.2. Exogenous AA-stimulated migration involves 12-Lox as
upstream regulator of Nox1-dependent ROS production
In order to elucidate the mechanism by which AA regulates
Nox1 activation during HT29-D4 migration on Col-I, weFig. 5. Nox1-dependent ROS production regulates migration by controlling α2 integr
cells/well on Col-I pre-coated 24 well plates. At 2 h of adhesion, cells were incuba
antibodies (10 μg/ml). For each condition examined, we determined the mean distan
Results were presented as the mean distance to origin of the three view fields. ⁎Pb0
were seeded on Col-I pre-coated plates. Non-transfected cells were treated with DPI
surface expression of α2β1 integrin cells was assessed by flow cytometry, and a typic
meansb0.05 compared with control. (C) Nox1 siRNA transfected HT29-D4 cells we
24 h of treatment, lysates were prepared and analysed by SDS-PAGE followed by im
actin expression and depicted as percentage of control. Inset: representative western
presented as means±SE (n=3). ⁎Pb0.05 compared with control.performed a pharmacological study based on inhibition of
AA-catabolism pathways. Multiple parameters of Nox1-depen-
dent superoxide production in Nox1 siRNA transfected cells
compared with controls were quantified as described in
Materials and methods. Results (Fig. 3A) show that both basal
and AA-stimulated Nox1-dependent superoxide production was
significantly inhibited by the 12–15 Lox inhibitor CDC (1 μM).
In contrast, inhibition of other AA-catabolism pathways, such as
cytochrome P450 (aminobenzotriazole), Cox (indomethacin)
and 5-Lox (DEC andMK885), had no effect on Nox1-dependent
ROS production. Dose-dependent effects of the different
inhibitors used in this study are presented in Supplementary
data (s1A). Since HT29-D4 does not express 15-Lox as assessed
by real time PCR (data not shown), inhibition of Nox1-
dependent superoxide production by CDC suggests that 12-Lox
is an upstream activator of Nox1 during HT29-D4 migration. In
order to confirm the specificity of CDC for 12-Lox inhibition,
we measured Nox1-dependent superoxide production under the
stimulation of a 12-Lox product, 12(S)-HETE (0.1 μM), with or
without CDC and AA. Our data show that 12(S)-HETE not only
increased Nox1-dependent superoxide production but also
bypassed inhibition by CDC (Fig. 3B). Dose-dependent effects
of AA and 12(S)-HETE on Nox1-dependent ROS production
and cell migration are reported in Supplementary data (s4). Wein subunit cell membrane availability. (A) HT29-D4 cells were seeded at 5×104
ted with DGEA (α2-blocking peptide) (50 μg/ml), anti-α1, or anti-α3 blocking
ce to origin migration (μm) covered after 8 h for at least 15 cells per view field.
.05 compared with control. (B) Nox1 siRNA transfected cells and their controls
(10 μM) after three and a half hours of adhesion. After 24 h of treatment, cell
al profile of flow cytometry analysis is shown in the inset. Data are presented as
re seeded on Col-I. Non-transfected cells were treated with DPI (10 μM). After
munoblotting with anti-α2 integrin or anti-actin antibody. Data are normalized to
blot of immunodetectable α2 and actin in 30 μg of total cell protein. Data are
Fig. 6. Blocking upstream activators of Nox1 inhibit basal and arachidonic acid-
stimulated α2β1 surface expression. (A) Nox1 siRNA transfected cells and their
controls were seeded on Col-I pre-coated plates. After three and a half hours of
adhesion on Col-I, cells were treated with rottlerin (10 μM) or CDC (1 μM) with
or without AA (0.1 mM). After 24 h of treatment, cell surface expression of
α2β1 integrin was assessed by flow cytometry. Data are presented as means±
SE. ⁎Pb0.05 compared with metabolite-free control siRNA. §Pb0.05 compared
to AA-treated cells. (B) Cells were treated with DPI for 30 min after three and a
half hours or 8 h of Col-I adhesion. 24 h after treatment, cell surface expression
of α2β1 integrin was assessed by flow cytometry. Data are presented as means±
SE. ⁎Pb0.05 compared with control.
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tion, functions in Nox1 activation during cell spreading [16].
Results shown in Fig. 3 established that exogenous AA proceeds
by the same pathway. This finding is confirmed by experiments
presented in Fig. 3C, as CDC inhibits both basal and AA-
stimulated migration of HT29-D4 cells.
3.3. PKC delta, upstream activator of Nox1 dependent
superoxide production
Several studies have reported that the AA/12-Lox pathway
stimulates cell migration mainly through activation of PKCs
[24–26]. Using a pharmacological approach, we investigated
whether AA regulation of NADPH oxidase activation occurs
through PKC stimulation by measuring the Nox1-dependent
superoxide production under AA stimulation after 4 h of ad-
hesion on Col-I in the presence of various PKC inhibitors.
Dose-dependent effects of these inhibitors are provided in
Supplementary data (s1B). Results presented in Fig. 4A show
that the classic PKC inhibitor Bim I and the calcium-dependent
PKC inhibitor Go6976 have no effect on Nox1-dependent su-
peroxide production. In contrast, treatment with Go6983, which
inhibits PKCα, PKCβ, PKCγ and PKCδ without affecting
PKCμ, decreased the oxidase activity. As PKCα, PKCβ and
PKCγ are all calcium-dependent; PKCδ may specifically be
involved in Nox1 activation. This hypothesis was confirmed, as
the specific PKCδ inhibitor rottlerin significantly decreased the
basal Nox1-dependent superoxide production. Likewise, the
stimulation of Nox1-dependent ROS production by exogenous
AA decreased upon PKCδ inhibition.
We then studied the role of PKCδ in regulation of Nox1-
controlled cell migration. We measured the mean distance to
origin covered by AA-treated cells in presence of rottlerin and
Bim I. Rottlerin inhibited both spontaneous and AA-stimulated
HT29-D4 migration (Fig. 4B); in contrast, inhibition of PKC by
Bim I did not affect basal migration nor the AA-stimulated
migration. Moreover, the data presented in Fig. 4C confirmed
that PCKδ is the downstream effector of 12-Lox during Nox1
dependent cell migration, as rottlerin inhibited 12(S)-HETE-
stimulated migration.
3.4. Nox1-dependent ROS production controls migration
through regulation of α2β1 integrin cell membrane availability
Previously, we showed that DPI treatment decreased α2β1
integrin surface-expression in two different cancerous epithelial
cell lines, Caco2 and A431 [27,28]. In this work, we observed
that the difference of mean migration distance to origin between
cells transfected with Nox1 siRNA compared to those trans-
fected with controls with Col-I is 14.1±1 μm, compared to only
1.0±0.6 μm for vitronectin (data not shown), indicating that
Nox1 control of HT29-D4 migration is Col-I specific. To gain
more insight on this observation, we next measured the mean
migration distance of cells treated with specific inhibitors of
integrins that interact with Col-I. Results presented in Fig. 5A
showed that blocking α2 integrin subunit binding to Col-I by the
DGEA peptide decreased HT29-D4 cell migration on Col-I. Incontrast, inhibition of either α1 or α3 integrins by specific
blocking antibodies did not affect cell migration.
In order to confirm that the α2β1 integrin might be the target
for Nox1-dependent signalling, we measured α2β1 integrin
surface expression by flow cytometry on non-permeabilized
cells treated with regulators of Nox1-controlled migration.
Inhibition of Nox1-dependent superoxide production by either
Nox1 siRNA or DPI decreased α2β1 cell surface expression
(Fig. 5B). In contrast, surface expression of α1 or β1 subunits
was unaffected under these conditions (data not shown). In
addition, total protein level was decreased by Nox1 knock-
down (Fig 5C). Taken together, our results suggest that Nox1-
dependent superoxide production controls HT29-D4 migration
on Col-I by regulating α2 integrin subunit surface expression.
We then confirmed that the upstream regulators of Nox1
impact α2 subunit availability on the cell membrane. As shown
in Fig. 6A, Nox1 siRNA prevented the ability of AA to stimulate
α2β1 cell surface expression, suggesting that AA stimulation
functions in a Nox1-dependent fashion. Moreover, during
cellular migration on Col-I, CDC and Rottlerin inhibited both
basal and AA-stimulated α2β1 cell surface expression. The
regulation of α2 subunit availability on cell membrane during
migration on Col-I appears to be initiated during cell spreading,
as no significant effect on α2 integrin membrane expression was
detected when DPI was added after ROS production (Fig. 6B).
In order to delineate the pathway controlling α2 integrin
subunit membrane availability, we next focused on p38 MAPK
30 A. Sadok et al. / Biochimica et Biophysica Acta 1783 (2008) 23–33signalization. We previously observed a decrease in p38 MAPK
phosphorylation upon NADPH oxidase inhibition in colic
adenocarcinoma cells [27]. In addition, PP2A, a known p38
MAPK associated phosphatase, has been shown to be reversibly
oxidized by ROS [29]. We thus investigated whether Nox1-
dependent superoxide production could target PP2A to mod-
ulate α2β1 integrin availability. Knocking down Nox1 ROS by
DPI treatment significantly decreases p38 MAPK phosphoryla-
tion (Fig. 7A). This decrease could be PP2A-dependent since
okadaic acid, which inhibits the phosphatase activity, comple-
tely reversed the inhibition observed with DPI.
We then measured α2β1 surface expression on cells treated
with DPI, p38 MAPK inhibitor SB203580, PP2A inhibitor
Okadaic acid (OA), ERK1/2MAPK inhibitor PD98059, and JNK
inhibitor SP600125. Results presented in Fig. 7B show that,
similar to DPI, SB203580 decreased α2β1 cell surface expression
while PD98059 and SP600125 were ineffective, suggesting a
specific role for p38 MAPK in control of α2β1 cell surface
expression. Inhibition of PP2A by OA not only increased α2β1
surface expression but also abolished the inhibitory effect of DPI.
In order to confirm that p38MAPK is a downstream effector of
Nox1, we measured the Nox1-dependent superoxide productionFig. 7. Nox1-dependent ROS production activates α2β1 integrin expression throug
treated after three and a half hours of adhesion with DPI (10 μM), Okadaic acid (OA)
SDS-PAGE followed by immunoblotting with anti-phosphorylated p38 MAPK antib
depicted as percentage of control. Inset: representative western blot of immunodetect
are presented as means±SE. ⁎Pb0.05 compared with control. (B) Cells were treate
SB203580 (10 μM), PD98059 (10 μM) and SP600125 (10 μM). After 24 h of treatme
are presented as means±SE. ⁎Pb0.05 compared with control. (C) After 3 and a ha
(10 μM), SB203580 (10 μM) and AA (0.1 mM). Superoxide production was mea
compared with control. (D) HT29-D4 cells were seeded on Col-I pre-coated 24 well pl
(10 μM) and SP600125 (10 μM). We determined the mean distance to origin migra
presented as the mean distance to origin of the three view fields ⁎Pb0.05 comparedof Col-I adhered cells treated with SB203580, OA and AA.
Results presented in Fig. 7C show that SB203580 and OA have
no effect on either endogenous or exogenous AA-stimulated
Nox1-dependent superoxide production. Finally, we measured
the migration distance by HT29-D4 cells in the presence of
SB203580, PD98059, SP600125, OA and DPI. Fig. 7D shows
that SB203580 andDPI strongly decreasedCol-I migration,while
PD98059 and SP600125 did not affect migration on Col-I,
confirming that p38 MAPK is specifically involved in Nox1-
controlled HT29-D4 migration. Furthermore, our data show
that OA stimulated migration and reversed the DPI inhibition
(Fig. 7D). Taken together, our results confirm that p38MAPK and
an okadaic-inhibitable phosphatase are both involved in the α2
integrin subunit availability and cell migration downstream of
Nox1.
4. Discussion
In the current study, we present the novel findings that Nox1
plays a key role in the regulation of AA-stimulated colic epithelial
cells migration by regulating α2β1 integrin turn-over through p38
MAPK activation. In addition to the epithelial-mesenchymalh p38 MAPK phosphorylation. (A) HT29-D4 cells were seeded on Col-I and
(1 nM), or both. After 24 h of treatment, lysates were prepared and analysed by
ody or anti-total p38 antibody. Data are normalized to total p38 expression and
able phosphorylated p38 MAPK and total p38 in 30 μg of total cell protein. Data
d after three and a half hours of Col-I adhesion with OA (1 nM), DPI (10 μM),
nt, cell surface expression of α2β1 integrin was assessed by flow cytometry. Data
lf hours of Col-I adhesion, cells were incubated 30 min with OA (1 nM), DPI
sured by lucigenin luminescence. Data are presented as means±SE, ⁎Pb0.05
ates, and incubated with OA (1 nM), DPI (10 μM), SB203580 (10 μM) PD98059
tion (μm) performed after 8 h for at least 15 cells per view field. Results were
with control.
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in tumor invasion and metastasis. To date, the signalling mech-
anisms controlling cell migration are not fully understood, and an
emerging concept related to migration is the redox control at
different steps of cell migration (for review see [30,31]). Mol-
dovan et al. [32] have established that ROS production localized
inmembrane ruffleswas responsible for an increase in the amount
of F-actin.Wu et al. [33] showed that theNADPHoxidase adaptor
p47phox was sequestered within nascent focal structures in the
lamellae of mobile endothelial cells. The present study provides
the first substantial evidence supporting a direct role for Nox1-
dependent ROS signals in control of cell migration.
We detected an increase in Nox1-dependent superoxide pro-
duction after 4 h of adhesion on Col-I. Inhibition of those ROS
by Nox1 siRNA or DPI decreased HT29-D4 migration on Col-I
(Fig. 1). Redox control of HT29-D4 migration was Col-I spe-
cific since no decrease in cell migration was observed on
vitronectin matrix when inhibiting Nox1 by siRNA and DPI. To
pursue the mechanism by which Nox1 signals cell migration,
we investigated the impact of Nox1-dependent superoxide
production on integrins known to bind Col-I in HT29-D4 cells,
specifically the α1, α2 and α3 subunits associated with β1
subunit [34]. Our study showed that inhibition of only the α2
integrin subunit led to inhibition of cell migration directionality
(persistence of migration in one direction) without affecting the
rate of cell migration. Moreover, knocking down Nox1 ex-
pression decreased the level of membrane availability of α2β1
integrin (Fig. 5). This result is consistent with our previous
observations showing that inhibition of ROS production by DPI
decreased α2β1 integrin expression in Caco-2 and A431 cell
lines [27,28]. Inhibition of α2β1 integrin surface expressionFig. 8. Nox1 controls colonic epithelial cell migration through α2β1 integrin turn-o
stimulates Nox1 through PKC delta activation. Nox1-dependent ROS production
phosphatase (PP2A or others) and modulate membrane availability of α2β1 integrinupon Nox1 knock-down was due to the decrease in Nox1-
dependent superoxide production at 4 h of adhesion on Col-1
since inhibition of Nox1-dependent ROS after 6 h of Col-I
adhesion did not affect α2β1 integrin surface availability
(Fig. 6B). As several reports indicated that p38 MAPK regulates
integrin turn-over [35,36], we examined p38 MAPK phosphor-
ylation upon Nox1 down-regulation. The redox sensitivity
of p38 MAPK phosphorylation is well supported by various
studies reporting NADPH oxidase ROS activation of p38
MAPK [37]. Moreover, the p38 associated phosphatase PP2A is
also known to be redox-sensitive [29]. Our data show that
Nox1-dependent superoxide production regulates α2β1 integrin
surface expression through activation of p38 MAPK, based on
the ability of DPI to decrease p38 MAPK phosphorylation. In
contrast ERK or JNK inhibition did not affected α2β1 integrin
surface expression (Fig. 7B) or cell migration (Fig. 7D). This
activation is likely PP2A-dependent, as OA, a well-known
PP2A inhibitor, increased the level of phospho-p38 MAPK and
reversed the effect of DPI (Fig. 7A). Moreover, OA blocks the
decrease of α2β1 integrin surface expression and the inhibition
of migration induced by DPI (Fig. 7B and C). Taken together,
our results suggest that Nox1-dependent superoxide production
may regulate HT29-D4 migration on Col-I by controlling α2β1
integrin expression through modulation of p38 MAPK phos-
phorylation. These results are consistent with observations that
ROS increase p38 MAPK phosphorylation and α2 integrin
subunit levels in mammary epithelial cells [38]. Although some
studies reported an important role for ROS as a second mes-
senger of integrins outside-in signalling [39], to our knowledge,
this is the first study showing an involvement of Nox1-
dependent ROS production in integrin regulation.ver. Arachidonic acid (AA) metabolization during cell spreading on collagen I
increased P38MAPK (P38) phosphorylation through an okadaic-inhibitable
.
32 A. Sadok et al. / Biochimica et Biophysica Acta 1783 (2008) 23–33Many reports have highlighted the involvement of AA me-
tabolism, and particularly lipoxygenases, in the control of cell
spreading and migration [40]. We previously showed that
endogenous AA metabolism stimulated Nox1 through a 12-Lox
pathway [16], thus we characterized the effect of AA, a well-
known activator of epithelial cell migration [17], on the Nox1
regulated HT29-D4 migration. Our results established that
endogenous AA metabolism activates Nox1-dependent ROS
production through a PKCδ-dependent 12-Lox pathway. We
demonstrated that this signalling pathway controls the basal
HT29-D4 random migration efficiency on Col-I (Figs. 4 and 6).
Cell stimulation with exogenous AA increases HT29-D4 random
migration through the same 12-Lox/PKCδ/Nox1 pathway
(Figs. 2, 3 and 4). Dana R et al. [15] showed that depletion of
cytosolic-phospholipase A2 strongly decreased NADPH oxidase
activity in peripheric blood lymphocytes, and this inhibition was
fully reversed upon addition of AA. Little was known, however,
on the mechanism that governs this regulation. In HT29-D4 cells,
AA activation through direct interaction with NADPH oxidase is
not consistent since inhibition of 12-Lox abolished endogenous
and exogenous AA stimulation of Nox1-dependent ROS pro-
duction (Fig. 4A). 12-Lox is an enzyme that belongs to the
lipoxygenase superfamily which catalyzes the stereospecific
oxygenation ofAA to form 12(S)-HETE [41]. Elevated activity of
12-Lox has been implicated in hypertension, inflammation,
thrombosis and tumor development; in prostate cancer cells, over-
expression of 12-Lox stimulated tumor angiogenesis [42]. Fur-
thermore, it has been shown that 12-Lox, through its product, 12
(S)-HETE, stimulated platelet NADPH oxidase via PKC acti-
vation [21]. Our data clearly indicate that 12-Lox acts upstream of
Nox1 since 12(S)-HETE stimulation of ROS production and
HT29-D4migration were strongly inhibited upon Nox1 silencing
(Fig. 4). In contrast, CDC failed to inhibit 12(S)-HETE stimu-
lation, confirming that 12(S)-HETE is downstream of 12-Lox for
Nox1 activation (Fig. 4B). These findings are in agreement with
numerous studies reporting stimulation of cell motility and
integrin expression by fatty acid 12(S)-HETE [43,44]. AA meta-
bolism is awell established activator of PKCsmainly through Lox
stimulation [45]. In our study we show that AA stimulation of
Nox1-dependent HT29-D4 migration is decreased upon PKCδ
inhibition (Fig. 3). Similar results were obtained when we
substituted AA with 12(S)-HETE. Recently, Fan CY et al. [46]
showed that PKCδ is involved in the regulation of Nox1-ROS
through trans-activation of the EGF receptor. Moreover, previous
work reported that in HT29-D4 cells, PKCδ and PKCγ are
needed for cell migration under stimulation with PMA or IGF-1
[47].
The present study provides the first substantial evidence in
support of the function of Nox1 in control of colonic epithelial
cell migration.We provide evidence for a new pathway for Nox1
activation during HT29-D4 migration on Col-I, involving AA
metabolism, 12-Lox and PKCδ as upstream activators (Fig. 8).
Such Nox1 activation controls the directionality of cell mi-
gration on Col-I by increasing α2β1 integrin membrane avail-
ability through regulation of α2 integrin subunit expression.
Further studies will be needed to understand the relevance of
Nox1 activation in colon cancer cell invasion.Acknowledgements
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